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We assessed how point-of-care testing (POCT) On Sunday morning, December 26, 2004 , starting near Banda Aceh, northern Sumatra, collision of 2 tectonic plates produced a sudden 10-m uplift in the lip of the Burma plate, displacement of a trillion tons of water, 20 m of fault slippage, a megathrust quake assessed at Richter 9.15 to 9.20, and measurable deformation of 1 mm in the Earth's surface 4,500 km away. [1] [2] [3] The ensuing tsunami, 10 m or more in height according to eye witnesses we interviewed, lasted only about 2 hours but claimed more than 310,000 lives in more than 12 nations 4 and cost Thailand nearly $1 billion in capital, income, and medical losses. 5 Hurricane Katrina killed 1,577 people in Louisiana, Mississippi, and Alabama, left hundreds of thousands homeless, and caused tens of billions of dollars in damage. 6 The president's report 7 lists numerous "lessons learned" but falls short of a vision for acute care or for assisting patients with chronic illnesses and does not mention crucial new diagnostic technologies, such as point-of-care testing (POCT), that can convert empiric diagnosis to evidence-based triage during directed rescue. The medical failures in both countries should motivate new emergency strategies and public health plans. 8, 9 Our goal was to analyze responses to the tsunami in Thailand and Katrina in the United States to optimize uses of POCT in disaster logistics and readiness.
Materials and Methods

Tsunami Disaster Areas and Field Research
We surveyed 14 health care facilities administered by the Thai government ❚Figure 1❚, including Phi Phi Hospital, the only medical facility on Phi Phi Islands. On the Surin Islands, we interviewed Mokens ("Sea Gypsies"), whose cultural-historic awareness allowed them to escape loss of life from the tsunami. Field research was conducted during April 2005. The interview process was developed carefully during surveys in Isaarn (eastern Thailand) and Sakaeo provinces the year before as part of Fulbright-sponsored research. 10, 11 On-site interviews and telephone follow-up yielded a 100% return rate on survey questionnaires.
Interviews
A defined list of questions ("short form") in the Thai language was used to gather structured data from hospital administrators, clinical directors, physicians, nurses, emergency personnel, laboratory technologists, and other personnel in anamai (small rural health centers), primary care units (PCUs), community hospitals, and regional hospitals. Interviewees were asked to list needs and delineate how they could have been better prepared for the tsunami or a similar catastrophe. We collected health demography facts, such as the number of hospital beds, numbers and types of physicians, the status of critical care units, and the impact of the tsunami. In addition, we interviewed tsunami victims.
POCT and Telemedicine
We identified diagnostic testing resources, including testing performed at the point of care in emergency departments (EDs); wards; critical care areas, such as operating rooms (ORs), intensive care units (ICUs), and obstetrics; and networked PCUs and anamais. We photo documented laboratory and POCT equipment. Province health delivery systems, patient referral strategies, cardiac biomarker use, critical values notification, and other attributes were determined through interviews. In Krabi province, we studied the Ao Luk telemedicine system ( Figure 1 ) headquartered at Ao Luk Community Hospital.
Survey Follow-up
A supplementary survey ("long form") was left with clinical and laboratory staff for completion after on-site visits and mailed to the research team headquarters at Chulalongkorn University where all data were collated using spreadsheet and statistics software. When necessary, follow-up telephone and e-mail contacts clarified findings. In Trang province, severely affected sites were contacted by phone, and 1 regional hospital and 1 community hospital were included in the database.
Katrina Disaster Areas and Hospital Scope
We surveyed 22 Louisiana hospitals from the Harvard University list. 12 Cameron and 11 New Orleans hospitals (5 academic and 2 regional) were closed because of flooding and associated problems that made them inaccessible to on-site visits. By using a structured questionnaire and data sheet, we interviewed medical technologists, laboratory directors, and POCT coordinators by telephone at 10 hospitals 108 (median) and 80.5 (mode) miles (range, 5.6-343 miles) from New Orleans. We asked personnel about hospital size, number of staff, laboratory services, POCT availability, critical care testing, cardiac biomarkers, and disaster responses. We identified the influence of environmental conditions such as temperature, humidity, and electrical power.
Web, Timeline, and Small-World Network Design
Data for military, commercial, and civilian responses in Texas, Louisiana, and Mississippi were obtained through Web searches. These sources augmented telephone interviews placed directly to personnel at field sites and onboard ships to compile an accurate description of the sequence of events. Diagnostic instruments, rescue capabilities, transportation, and number of patients were recorded. Web and literature searches helped identify events following Katrina. We analyzed the timeline to optimize the plan for POCT and developed the small-world network (SWN) concept through assessment of needs in both countries. 
Results
Tsunami
Lam Kaen PCU, located close to the heavily damaged Phang Nga coast (Figure 1) , was overwhelmed by victims with acute injuries, lacerations, drowning or near drowning, and other medical crises resulting in nearly 100 deaths the same day. PCU staff and POCT equipment were not adequate to deal with the intensity of the emergency. POCT in the 4 PCUs surveyed was limited to glucose meters (used for screening and monitoring of patients with diabetes), protein and glucose urine dipsticks, spun hematocrit, urine pregnancy testing, and, sometimes, blood group typing, performed for youth identification card documentation. Kamala PCU in Phuket province was inundated by the tsunami and still closed when we visited. Patient care shifted to a rescue site in Kamala village 1 km inland. Medical problems included acute injuries, respiratory complications, infectious diseases, and psychological stress, which lingered for months. meters used by nurses in EDs and occasionally in ORs for immediate results during busy periods and at night. Pulse oximetry was used in ORs occasionally. Only 1 (17%) of 6 community hospitals provided blood gas/pH testing. Two lacked electrolyte testing. Another provided whole-blood analysis of Ca 2+ , Na + , K + , and hemoglobin. Only 1 offered cardiac troponin (cTn) I testing, performed qualitatively in the ER. Physicians stated that all community hospitals should perform qualitative or quantitative cTn testing to facilitate prompt patient referral and/or treatment in lieu of overnight observation. Infectious disease tests were limited. Three community hospitals lacked a microbiology laboratory. None had ICUs or cardiac care units (CCUs) but, nevertheless, received numerous critically ill patients.
One community hospital covered primary care for more than 40,000 people, and 10 PCUs received up to 150 patient visits each weekday but had only 3 physicians. The tsunami hit mid Sunday morning when only 1 physician, whom we interviewed, was on duty. Medicines depleted quickly, telecommunications failed, and waves disrupted roads, forcing victims to go to the local hospital and delaying backup help for 5 hours. The physician first determined whether victims were dead or alive and their state of consciousness as large numbers arrived in automobiles, resort vans, and pickup trucks. Acute conditions included aspirations, intubations, trauma, pneumothorax, and lacerations. The 1-room diagnostic laboratory lacked equipment for measurement of electrolytes, blood gases/pH, drug levels, and cardiac biomarkers. The physician decried the lack of electrolyte testing as a critical deficiency and stated that cTn testing was needed badly because patients with chest pain could not be triaged quickly or efficiently, resulting in excess mortality. A pharmacist rushed to the hospital to find analgesics and first aid supplies exhausted quickly. Lack of anesthesia equipment and specialists limited surgery, although the hospital had a small OR used routinely for cesarean sections, tubal ligations, and appendectomies. No helipad was available for airborne transport.
Takuapa Regional Hospital 13 ED received 986 victims. With more than 20 nationalities, lack of interpreters caused language difficulties and psychological stress for patients and staff. The extent of damage and severity of the crisis were underestimated. About 1 hour after the tsunami hit, the 9 physicians who reported to the ED realized there were thousands injured. They activated the hospital's "major incident policy." 13 All doctors were empowered to treat and refer patients. Frequent cases of aspiration were assessed for severity by POC pulse oximetry. The 6-bed ICU quickly filled to twice capacity, then patients were sent elsewhere. POCT was limited to glucose meters. No quantitative cardiac biomarker testing was available. The hospital had no helipad. Ambulances without POCT were used for referral transport, not rescue. Deaths occurring during transfer may have been significant. 13 Hospital staff could not accompany patients. Ambulances met helicopters on a football field by city hall. Military helicopters and, eventually, private jets arrived at Phuket International Airport, although initially, the airport was closed. Interviewees stated backup help arrived too slowly.
Phi Phi Islands human losses were sudden and substantial-1,000 died with many bodies yet to be found. Phi Phi Hospital, a new community hospital scheduled to open early in 2005 and located on a beach isthmus between bays that focused the tsunami, received the full brunt of the crest, which damaged the partially completed structure and removed tons of sand and stone walkways south of the foundation now left at water's edge. Diagnostic testing was limited to glucose meters, spun hematocrit, and urine dipsticks for protein and glucose. Staff consisted of 1 physician, 2 nurses, and 1 assistant. A pharmacist was killed while tending to patients when the tsunami arrived. The hospital boat was damaged. Referral required 1 to 2 hours of land and sea transport to VachiaraPhuket or Krabi Regional hospitals on the mainland. No naval hospital ship arrived early to help. Interviewees stated airborne transport also did not meet acute needs.
To use the Ao Luk telemedicine system (started October 2002), PCU nurses call in to Ao Luk Community Hospital by radio, demonstrate the patient's symptoms and signs via a computer monitor, and then receive actionable physician orders. Outreach medical staff, including 2 dentists, rotate through amphur (district) PCUs, deliver supplies, collect medical waste, and pick up blood samples (150 per week) for diagnostic testing (eg, HIV, VDRL, cholesterol, triglycerides, creatinine, urea nitrogen, and thalassemia screening) at the Ao Luk laboratory. Telemedicine allows, if necessary, referral of patients with serious chest pain directly to Krabi Regional Hospital 40 km south. Ao Luk staff want to implement POC cTn testing in the telemedicine-linked PCUs to improve the efficiency of triaging. Personnel were satisfied with the quality of care provided by distance medicine and thought that telemedicine-enabled SWNs ❚Figure 2❚ could improve care during future disasters.
Although their Surin Islands village was destroyed, no Mokens died in the tsunami. Elders, who remembered "the story of giant waves" (occurring every 250 years), observed bay waters receding and shouted warnings in time for all to escape to higher elevation on surrounding hills. There were no early warning systems elsewhere.
Katrina
❚Figure 3❚ shows disaster areas, open hospitals, land-sea responses, and rescue resources. Twelve hospitals, including Memorial, University Hospital (Louisiana State University), Tulane, and Charity, were closed by Hurricane Katrina, as were local trauma centers and a diagnostic laboratory at Lake Charles. POCT was limited to glucose meters and 2 handheld whole-blood analyzers (i-STAT, Abbott Point of Care, East Windsor, NJ), plus tests for infectious diseases, pregnancy, and prothrombin time. All but 1 hospital performed quantitative cTn and creatine kinase MB fraction testing, and 1 offered rapid qualitative POC cTn. Environmental problems (flooding; no clean water; 90°F-100°F temperature; 100% humidity; power, computer, and cell and landline phone failures) shut down large instruments. POCT provided backup, but flooding destroyed supplies, which depleted quickly. One hospital reported looting of handheld glucose meters. Figure 3 also shows arrival times of military and civilian assets and a recommended timeline for optimal POCT. Critical care analyzers and transportable POCT arrive.
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Local rescue units equipped with handheld POCT respond.
Triage immediately using battery-operated POCT.
Semitruck level-1 trauma mobile medical facility.
Supports up to 113 patients.
Equipped with ICU, OR, pharmacy, laboratory, and imaging services.
Deployed to Bay Saint Louis.
Deployed to Louis Armstrong International Airport, New Orleans.
Supports up to 200 patients (789 with enhancements).
Equipped with POC whole-blood analyzers (portable and handheld), blood typing instruments, and coagulation analyzers. 17 most configured for transportation, not medical evacuation. An amphibious assault ship, USS Bataan, in the Gulf before Hurricane Katrina made landfall, began relief operations with helicopters and amphibious landing craft the next day. 18 The ship has 600 beds, 6 ORs, radiology, laboratories, and a blood bank. On day 2, Army trucks arrived at the Louisiana Superdome evacuation site. By day 4, the USS Iwo Jima (facilities like the Bataan), USS Shreveport, and USS Tortuga arrived and provided amphibious landing craft, helicopters, supplies, and hospital facilities. The next day, the aircraft carrier USS Harry S. Truman arrived with helicopters, fixed-winged aircraft, and a full hospital. Not until day 9 did the Hospital Ship USNS Comfort arrive 19 with its 920-bed clinical ward, 80-bed ICU, and 12 ORs plus main and satellite laboratories, pharmacy, radiology, and helipad. The Comfort treated 1,956 patients. 20 The US Coast Guard contributed 15 ships and 63 small boats. 20 Military, commercial, and civilian groups provided ground-based aid. The US Army 14th Combat Support Hospital and Air Force Medical Rapid Response Force deployed mobile hospitals with 864 beds to Louis Armstrong International Airport. 20, 21 The Abbott Architour truck-based mobile laboratory aided evacuees at the Houston Astrodome with a Cell-Dyn 1800 hematology instrument (Abbott, Abbott Park, IL) and i-STAT handheld blood analyzer. Civilian groups included 56 disaster medical assistant teams. The Carolinas MED-1, 22 a truck-based mobile level-1 trauma hospital, arrived in Bay St Louis, MS, on September 4 with 6 critical care beds, 7 general care beds, pharmacy, laboratory, radiology, ultrasound, and telemedicine. More than 7,400 patients were treated. Personnel saw, on average, 300 patients per day.
Discussion
In Thailand, medical personnel thought that facilities should be placed in safer locations above elevations attainable by future tsunamis, particularly on geographically isolated islands such as Phi Phi, where no alternative local facility can provide emergency care, POCT, and rapid diagnosis for triage and treatment. Medical authorities thought that the Ao Luk telemedicine system could facilitate intraprovince and interprovince cooperation during crises and also improve costeffectiveness of care in the SWN concept. The National ❚Figure 4❚ Locations and types of point-of-care testing (POCT) in Katrina. Hospitals, evacuation sites, and local agencies were not prepared fully to assist quickly with POCT, which was used primarily on US military ships and combat support units (see Figure 3) Telecommunication Commission of Thailand is testing satellite patient photo transmission, electronic stethoscopes, and Web cams in rural areas (A. Chandavimol, Commissioner, National Telecommunication Commission of Thailand, e-mail correspondence, March 13, 2006) . These types of technologies can help serve neglected rural and hill tribe populations and should be combined with home testing. Nurses and PCU staff thought that POCT could strengthen primary care and enable referral centers to better serve poor patients who are funded by Thai health insurance plans.
Community hospitals requested whole-blood analyzers that quickly perform blood gases (PO 2 and PCO 2 ), pH, potassium, ionized calcium, glucose, lactate, hemoglobin and hematocrit, and other tests (eg, neonatal bilirubin) simultaneously in 1 to 2 minutes. 23, 24 These instruments can serve ED, OR, and ICU areas efficiently and, when placed in near-patient settings, also can provide results when clinical laboratories are closed. Other needs (where not available, Table 1 ) included patient-focused POC cardiac biomarker testing; oxygen saturation monitoring; more complete hematology, hemostasis (especially prothrombin time and activated partial thromboplastin time), and transfusion services; infectious disease tests (eg, Dengue fever IgM/IgG, malaria, and tuberculosis) with microbiology laboratories capable of performing blood cultures; and critical values alerting.
Regional strategic needs in Thai health delivery systems include distributed mobile resources, uninterruptible wireless communications, shared responsibility, mutual preparedness, and improved rapid, sustainable care for mainland and island emergencies. Regional hospitals receive patients from PCUs and community hospitals and directly. Staff expressed need for CCUs and expanded ICUs supported by subspecialty nursing and medical personnel (especially cardiology, anesthesiology, and clinical pathology); use of care path guidelines for acute coronary syndrome/acute myocardial infarction referral, quantitative cardiac biomarker testing, and rapid treatment; tight glucose control protocols, hourly bedside testing for tight glucose control-based insulin adjustments, and additional glucose meters, including newer handheld models licensed for diagnosis.
During Katrina and its aftermath, patients who self-monitor to adjust daily drug regimens, especially diabetics, were caught without access to glucose meters and test strips. For nearly 100,000 such people, Cefalu et al 25 suggested that hyperglycemia and hypoglycemia resulted in some deaths. Thus, problem-and instrument-focused stockpiles 26 of POCT supplies should be available. In terrorist actions involving isotopic contamination or infectious agents, POCT can detect pathogens 23 and facilitate care of isolated or quarantined patients. 27 In both countries, POCT could be used on ambulances, boats, and on rotary and fixed-wing rescue aircraft. [28] [29] [30] [31] Dedicated mobile medical units equipped with POCT instruments and ICU modules 32 can move to sites in need of help during the first week, as observed during Katrina.
POCT represents an established approach valuable in clinical practice. 24 However, research is needed to develop field-worthy POCT devices robust enough to withstand extreme ranges of humidity, temperature, salinity, altitude, earthquake shock, and battery operation during rescue operations. 4, [33] [34] [35] Reagents, tests strips, and quality control materials must withstand the same harsh conditions or be transported in environmentally controlled containers (refrigerated or heated, depending on the circumstances) that meet manufacturers' specifications. Better yet, manufacturers should improve durability and validate testing cycles under disaster field conditions, license instruments specifically for this purpose, and design modular POCT formats that can be converted easily and quickly for field use with flexible test clusters suitable for different types of disasters.
Hospitals must prepare POCT in advance to quickly assist acutely disabled facilities, whether close or far away. Then, they also can help themselves during emergency relocations, power outages, or isolation caused by helipad, bridge, and highway closures. Airborne transport coordinated with hospital ships represents an extremely useful resource, as demonstrated in Katrina. However, ships may be disabled, marooned, or too far away to assist quickly, as they were in the tsunami. Thus, helicopter, fixed-wing, and mobile land units equipped with POCT can help circumvent obstacles in different geographic and topographic settings. Regional disaster logistics should incorporate redundant cross-coverage and robust intrahospital disaster planning 36 coordinated within SWNs (Figure 2 ). SWNs should have warning systems, nodular integration, wireless telemedicine with reliable communications (to compensate for cell phone failures), prepositioned POCT/critical care testing including broad test clusters with cardiac biomarkers, 37 adequately stockpiled disease-specific supplies, and uninterruptible power supplies with adequate fuel for energy production 38 to optimize performance and "fast track" 38 emergency patient care during future disasters.
